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By Jackson К. Stalder апа Helmer V. Nielsen 
SUMMARY 


Tests were conducted to determine the effects on average heat 
transfer, average recovery temperature, and pressure distribution caused 
by attaching spikes to the front of a hemispherical-nosed body of revolu- 
tion. The investigation was concerned primarily with a series of conical- 
nosed spikes of semiapex angle 10° and length to body-diameter ratio 0.5 
to 2.0. In addition, the effect on heat transfer of capping the spikes 
with flat disks and blunt cones of semiapex angle 40° was also investiga- 
ted at a Mach number of 2.67 and a Reynolds number of 2.85х105. 


The range of investigation was from Reynolds number 1.55 to 9.85х102 
(based on body diameter) and from Mach number 0.12 to 5.0}. 


Although the tests confirmed previous results which showed a reduc- 
tion of drag on attaching spikes to a hemispherical nose at supersonic 
speeds, it was found that the rate of heat transfer is approximately 
doubled regardless of spike length or configuration. It was also found 
that this increase in heat transfer is confined almost entirely to the 
forward haif-area of the hemisphere. Average temperature-recovery fac- 
tors are lowered slightly on the addition of spikes, decreasing with 
increasing spike length. At a Mach number of 1.75 the 2-inch spike 
reduced the recovery factor by 3 to 5 percent, depending on the Reynolds 
number; at a Mach number of 2.67 the reduction was from 5 to 10 percent. 


For the hemisphere without spikes it was found that the Nusselt 
numbers measured at subsonic and supersonic airspeeds could be correlated 
as a function of Reynolds number alone, provided the air properties were 
evaluated behind the normal shock waves. Thus, it is possible to predict 
Supersonic heat transfer from a hemisphere by using subsonic data. 


г 
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INTRODUCTION 


Interest has been expressed in the use of spikes protruding in 
front of blunt bodies as а means of reducing their drag. Mair (ref. 1) 
and Moeckel (ref. 2) examined, in some detail, the mechanism of flow 
separation ahead of two-dimensional and axially symmetric bodies 
equipped with various length spikes and found appreciable drag reduc- 
tions &t supersonic speeds. 


, 


In view of the drag reductions resulting from the use of spikes, 
it was apparent that information was needed concerning the effect of 
Spikes on heat transfer to blunt-nosed bodies. Consequently, the 
present investigation was undertaken to measure the heat-transfer and 
recovery-temperature characteristics of & hemispherical-nosed cylinder 
with and without drag-reduction spikes over а range of Масћ numbers and 
Reynolds numbers. 


NOTATION 


A surface area of hemispherical nose, sq ft 
Cp pressure drag coefficient, dimensionless 

Cp pressure coefficient, dimensionless 

D drag, lb 

d diameter, ft 

h average heat-transfer coefficient, BTU/sec, sq ft, OF 
k thermal conductivity, BTU/sec, sq ft, OF/ft 
1 Spike length, ft 

M Mach number, dimensionless 

Nu Nusselt number, =, dimensionless 

P pressure, 1b/sq ft 

Q heat rate, BTU/sec 


ура 
Ке Reynolds number, T: dimensionless 
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T. -T 

r temperature-recovery factor, =, dimensionless 

О со 
T temperature, OF abs 
ү velocity, ft/sec 
Фф angle with the longitudinal axis of the model, radians 
y ratio of specific heats (1.40 for air), dimensionless 
H viscosity, 1р-вес/ва ft: 
p mass density, slugs/cu ft 

Subscripts 

n conditions at the nose of the model 
О stagnation conditions 
Т recovery conditions 
D referred to & characteristic diameter 


co free-stream conditions 


DESCRIPTION OF EQUIPMENT 


Wind Tunnels 


Three wind tunnels were used in the present investigation. The 
first was the Ames 6-inch heat transfer tunnel, а return-type, continuous 
Operation tunnel. It is described in detail in reference 3. The second 
was the Ames 10- by 14-inch supersonic tunnel which is of the closed-jet 
nonreturn type. Іп addition to these, а 2- by 5-foot subsonic duct was 
used. This duct is of the nonreturn type апа is powered by two variable- 
Speed motors driving shrouded propellers mounted side by side. 
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Models 


Photographs of the two beat-transfer models and the pressure 
distribution model employed in this investigation аге shown in 
figure 1. The first heat-transfer model consisted of а l-inch-diameter 
copper hemisphere mounted оп а 5-1/2-inch-long stainless steel cylinder 
of the same diameter. A threaded orifice at the stagnation point of 
the hemisphere provided the means: for attachment of the spikes. These 
spikes were 0.10 inch in diameter and of lengths 1/2, 3/4, 1, 1-1/2, 
and 2 inches. One end of each spike was threaded for attachment to the 
models; the other was machined to form a cone of 10° semiapex angle. 
In order to avoid conduction of heat along the spikes, they were made 
of Micarta which has a low value of thermal conductivity. When the 
spikes were not used, a small headless screw was used to plug the 
orifice in the model. 


Power to the heat-transfer model was supplied by a 20-watt 
electric heater made by winding Advance wire about a small threaded 
Transite cylinder which was then fitted inside the hemisphere.  Tem- 
peratures were measured by four iron-constantan thermocouples inserted 
in the nose within 1/16 inch of the surface at 90° intervals on a 
circle of 11/16-inch diameter concentric with the axis. А fifth 
thermocouple was placed within 1/8 inch of the stagnation point - as 
close as was possible without breaking through to tbe central orifice. 


Ihe hemispherical nose was attached to the cylindrical afterbody 
by means of a 2-1/h-inch-long, hollow, internal support shaft of stain- 
less steel, 3/8 inch in diameter, which was passed through а 1/2-inch- 
long, 7/8-inch-diameter Micarta bushing threaded directly in the after- 
body. In order to determine the axial heat conduction, three thermo- 
couples were provided at equally spaced intervals along the axis of the 
support shaft. At the outer rim of the hemisphere, heat conduction to 
the stainless-steel afterbody was minimized by reducing the area of 
contact between these parts to less than O.009 square inch. This was 
accomplished by chamfering the internal edge of the afterbody to a 
thickness less than О.003 inch. 


For & second series of tests the hemisphere consisted of two sectors 
which divided the surface area into halves. The copper frontal sector 
was heated as before while the stainless-steel rear segment was unheated. 
Heat flow to the latter segment was minimized by reducing the area of 
contact between the two sectors to less than 0.223 square inch. This 
was done by cutting wide annular grooves into the interior surfaces of 
the stainless-steel sector. Furthermore, the temperature difference 
between the two sectors could be measured since four thermocouples were 
placed at 909 circumferential intervals in each segment. From this model 
the average heat-transfer rate from the forward half-area of the hemis- 
phere was found. 
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Pressure-distribution measurements were obtained with a separate 
stainless-steel nose. Sixteen pressure orifices (number 80 drill, 
0.0135-inch diameter) were placed at 5° intervals with the longitudinal 
axis of the body from 15° to 85°. These holes were also displaced 
circumferentially from each other in a systematic fashion so that no 
two holes were on the same streamline (fig. 1(b)). In addition, each 
model was equipped with two pressure orifices placed diametrically 
opposite each other at ап angle of 45° with the longitudinal axis in 
order to facilitate orientation to zero angle of attack. Stainless- 
Steel tubes were soldered in the holes at the rear of the hemisphere 
апа passed through the bushing into the cylindrical afterbody. There 
they were soldered to flexible copper tubes which connected to mano- 
meters outside the wind tunnel. i 


TEST PROCEDURE 


The actual testing was divided into three phases: average heat- 
transfer and recovery-temperature tests for the entire hemisphere; the 
same tests for the frontal half-area of the hemisphere; and pressure- 
distribution tests. 


Average heat-transfer rate and recovery temperature for the entire 
hemisphere were obtained by measuring the voltage апа current to the 
heater, the body temperatures, and the stagnation temperature of the 
wind tunnel. АЈ] temperatures were obtained with iron-constantan thermo- 
couples using the temperature of melting ice &s & reference. They were 
read on an indicating potentiometer. Measurement of support-shaft 
temperatures enabled the determination of the amount of heat leakage 
along that member. During the initial tests, an air space of approxi- 
mately 0.002 inch was maintained between the nose and the cylindrical 
afterbody preventing heat leakage in that direction. Later tests with 
the nose firmly in contact with the cylinaer's chamfered edge revealed 
an increase in total heat leakage of less than 1 percent. All subsequent 
investigation was therefore conducted with the nose and afterbody in firm 
contact. 


For each physical configuration (different length of spike) the 
power input to the heater was varied in six approximately equal steps 
from O to a maximum of almost 20 watts. A typical corresponding range 
of nose temperatures (depending on the Reynolds number) would be from 
50° F to 160° F. 


The phase of the investigation concerned with obtaining average heat 
transfer and recovery temperature over the frontal half-area of the hemi- 
Sphere was conducted in the same manner as the first phase. Because the 
heat path for conduction between the hemisphere sectors was very small 
compared to the heat path for forced convection to the air stream, heat 
leakage between these sectors was neglected. 


——M ма — ------ о — cu 
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Pressure distributions were measured only at Mach numbers of 1.75 
and 2.67. When no spike was attached, the pressure at the stagnation 
point (Ф = 0) could be measured with the orifice then available at that 
point. However, when spikes were in place, the first station available 
for measurement was at Ф = x/12 radians (15°). 


The subsonic tests were conducted in the 2- by 5-foot duct, the 
supersonic tests at Mach numbers of 1.75 and 2.67 in the Ames 6-inch 
heat-transfer tunnel, and those at а Mach number of 5.04 in the Ames 10- 
by lh-inch supersonic tunnel. 


DATA REDUCTION 


Average heat-transfer coefficients and average recovery tempera- 
tures were found from the equation 


Q = hA(T, - Ty) (1) 


by the method of least squares using the six different sets of measured 
values of Q апа Т, found for the six values of power input. Ап 
equivalent graphical method is to plot Q/A ав а function of Та; the 
heat-transfer coefficient then will be given by the slope and the 
recovery temperature will be found at the intercept where Q/A = 0. 
Over the range of temperatures used in this investigation (509 F to 
1909 F), it was found that the heat-transfer coefficient, h, was inde- 
pendent of the nose temperature. Therefore, in the above-mentioned 
graphical method, the data points formed а straight line. 


In obtaining the heat transfer over the front half-area of the 
hemisphere, the same equations and the same procedure were used as for 
the entire hemisphere. Both of these sets of results were then employed 
to calculate the heat transfer for the rear half of the hemisphere by 
use of the equation 


Nus = 2Nu, - Nu, (2) 


The subseripts 1, 2, апа t refer to the front sector, rear sector, and 
total hemisphere, respectively. This equation was obtained from a simple 
heat balance assuming that both segments have the same average recovery 
temperature. The average recovery temperature can be defined as the 
temperature assumed by the nose when the net rate of heat flow to or from 
the nose is zero. 


The pressure drag of the unspiked hemisphere was calculated by inte- 
grating the pressure distribution about the nose using the expression 


————— -- „Ц [= 
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х/2 


реха | P sin Ф cos Pd (3) 


The drag coefficient was based on the projected frontal area of the 
model and thus was calculated from 


л/г 


Cp = M P sin Ф cos Ф аф (4) 
ур,м.2 о 


When spikes were attached to the nose of the model, the lower limit of 
integration was changed to exclude the frontal агеа of the spike. The 
theoretical pressure drag on а 10? cone as obtained from reference 5 Was 
added to obtain the total pressure drag of the hemisphere-spike combina- 
tion. In all cases the skin friction along the spike was neglected. 


DISCUSSION OF RESULTS 


According to Fage (ref. 6), the point of transition from laminar 
to turbulent flow in the boundary Јауег of а sphere always occurs on the 
rear hemisphere at Reynolds numbers from 1.57х109 to h.2!x10?. Since 
the Reynolds numbers of Fage's experiments correspond closely to those 
of the present tests (based on conditions behind the normal bow shock 
wave), the boundary layer on the unspiked hemisphere can be assumed 
laminar. 


The experimentally determined values of average heat transfer for 
the unspiked hemisphere аге shown in figure 2. It is to be noted that 
when the &ir-stream properties are evaluated behind the normal shock 
wave, there is excellent correlation between the supersonic and subsonic 
results of this experiment. Thus it is possible to predict supersonic 
heat transfer for this configuration from the subsonic data., 


Since the average heat transfer from a hemisphere cannot be corre- 
lated directly with that from a sphere (due to the phenomenon of separa- 
tion), only a limited amount of data is available for comparison with 
the present results in figure 2. There were three subsonic tests which 
involved an identical experimental technique; namely, passing steam 
through a hollow sphere, balancing the temperature of a small indepen- 
dently heated plug to that of the remainder of the sphere, and measuring 
the power input to the plug, thus determining the local heat transfer to 
the air stream. The values thus found may then be integrated over the 
surface of the front half of the sphere to obtain average heat-transfer 
coefficients. 


8 МАСА TN 3287 


The first of these tests was conducted by Lautman and Droege 
(ref. T) who, in 1950, obtained Nusselt numbers for the front half of а 
sphere which are approximately 50 percent above those obtained in the 
present experiment. Their work, however, was superseded by that of 
Xenakis, Amerman, and Michelson (ref. 8) who tested the same model 
(along with two other spheres of different dimensions) but improved the 
instrumentation. The latter used values of the thermal conductivity of 
air based on an average of the wall and air temperatures. Therefore, 
it was necessary to adjust their Nusselt numbers to free-stream values 
in order to enable comparison with the present work. Unfortunately, 
neither the air-stream temperatures nor the ambient (stagnation) tem- 
peratures were given in reference 8, so it was also necessary to estimate 
the stagnation temperature. On the basis of the available information, 
& value of 60° F was estimated. The resulting Nusselt numbers are 
approximately 20 percent higher than those found in the present work. 
The discrepancy may possibly be due to two sources of error which were 
not’ evaluated sufficiently in reference 8. The first was the use of 
"eross-wind" supports in mounting the models in the wind tunnel; the 
Second was the use of guy wires which were attached to the supports just 
below the models. The effects of these methods of support on the air 
flow about a sphere are not negligible (ref. 9) and may easily contribute 
to ап increase in heat transfer from the sphere. 


The third test was conducted by Cary (ref. 10) who obtained local 
values about & sphere which, when integrated over the front half are 
approximately 50 percent below those obtained in this investigation. 
The reasons for the great discrepancy between Cary's results and those 
of references 7 and 8 are not known and cannot be determined from the 
information in reference 10. it is noteworthy, however, that a thin- 
shelled iron sphere was used instead of & copper one as in the other 
tests. The presence of a condensation film within this sphere would 
quite likely produce nonuniform surface temperatures which would greatly 
affect the heat-transfer data. 


¢ 


Korobkin (ref. 11) presents experimental results obtained for a 
hemisphere-cylinder in a supersonic blow-down wind tunnel which are 
below those of this experiment. However, his data are admittedly in 
error due to axial conduction of heat in the model. When his experi- 
mental data are corrected as described in reference 11, they are in 
essential agreement with the present data. Korobkin also used unpublished 
results of Sibulkin to obtain e theoretical solution for local heat 
transfer about a hemisphere. When this is adjusted to the exact solution 
at the stagnation point (ref. 12), it results in а curve of NupRep 2/2 
about a hemisphere which, when integrated, corresponds very closely with 
the present results. 


The reasons for the discrepancy between the results of previous 
investigations is difficult to establish because of the lack of informa- 
tion concerning probable sources of experimental errors. It is thought, 
however, that the present data, which are in essential agreement with 
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the corrected results of Korobkin, can be used with confidence in view: 
of the fact that they were obtained in three different wind tunnels 


under widely different conditions of Mach number and wind-tunnel 
configuration. 


Figures 3(a) апа 3(b) show average temperature-recovery factors as 
a function of free-stream Reynolds number. It can be seen that the 
temperature-recovery factor decreases with the addition of spikes. Over 
the range of spike lengths tested, it was found that as the spike length 
was increased, the temperature-recovery factor decreased. At a Mach num- 
ber of 1.75, the 2-inch spike reduced the recovery factor by 3 to 5 
percent; at a Mach number of 2.67, the reduction was from 5 to 10 per- 
cent. In terms of flight conditions this means that at an altitude of 
100,000 feet and а Mach number of 2.67, a missile approximately 1 foot 
in diamsber „е9иТрред with а spike would have an equilibrium nose tempera- 
ture of 3659 Е, while а missile without а spike would be approximately 
109 F warmer. It is interesting to note that an increase in Mach number 
increases the recovery factor of the unspiked hemisphere but appears to 
have relatively little effect on the recovery factor of a hemisphere 
equipped with spikes. 


The effect on Nusselt number of installing spikes in front of а 
hemisphere is shown in figures (а) to с). For given values of Mach 
number and Reynolds number, regardless of spike length, the rate of heat 
transfer is almost double that obtained on unspiked hemispheres. This 
was also found to be true when & blunt disk or cone was substituted for 
the point of the spike (fig. 4(b)). Figure 4(c) shows Nusselt number аз 
a function of Mach number for spiked and unspiked hemispheres at а 
Reynolds number of 3. 35x10?. It may be seen from this figure that the 
Nusselt number of the spiked body is approximately double that of the 
unspiked body, regardless of Mach number. 


A more local determination of the effect of spikes on heat transfer 
was obtained with the model which separated the hemisphere into two sur- 
faces of equal area. Figure 5 presents Nusselt number as a function of 
Reynolds number for the two sectors of the hemisphere with and without 
spikes at а Mach number of 2.67. . It is noteworthy that the addition of 
spikes increases the heat transfer from the leading half of the hemisphere 
almost exclusively. There is relatively little effect on the heat trans- 
fer from the trailing half of the hemisphere. 


Although the physical explanation for the increase in heat transfer 
when spikes are attached to the nose is not known, some indication of 
the mechanism invclved may be obtained from a study of selected shadow- 
graphs (figs. 6 to 11) in conjunction with the pressure distribution shown 
in figure 12. From the shadowgrapbs it can be seen that the volume 
bounded by the nose, the spike, and the main air stream is one of extreme 
turbulence. A qualitative indication of the intensity can be obtained by 
comparison with the turbulent boundary layer of the wind-tunnel wall 
which is visible at the bottom of each picture. In figure 12, a typical 


10 МАСА TN 3287 


plot of the pressure distribution about the spiked configuration is 
superimposed on the pressure distribution about ап unspiked hemisphere. 
The reversals of slope, which are representative of all the pressure 
distributions of the spiked hemispheres, indicate reversal of the direc- 
tion of flow along the surface. Furthermore, the steep pressure gra- 
dients signify & tendency toward velocities of large magnitudes. Thus 
the term "dead-air region" as applied to this space by previous investi- 
gators (refs. 1 and 2) is apparently a misnomer. However, this turbu- 
lence in the separated region is not sufficient evidence to attribute 
the increased heat transfer due to spikes to turbulence in the boundary 
layer. Flat-plate data, which are qualitatively applicable to the pre- 
sent case, show that the rate of heat transfer through a fully developed 
turbulent boundary layer is from four to five times greater than that 
through а laminar boundary layer (ref. 13). In addition, the increase 
of Nusselt number with Reynolds nugber is 60 percent more гарій for tur- 
bulent than for laminar boundary layers. Тһе addition of spikes does 
not produce changes of these magnitudes. It is conjectured that the 
increased heat transfer due to spikes may be caused by repeated impinge- 
ment of the turbulent separated region into the outer edge of the boun- 
dary layer on the body nose. This conjecture seems consistent with the 
Observed fact that the increase in heat transfer is independent of the 
Spike length. However, further investigation is necessary before a 
definite opinion can be ventured. 


Figures 13(a) and 13(b) show pressure drag coefficient ав а function 
of the ratio of spike length to body diameter. As the length of the 
Spike is Increased, the drag coefficient decreases, reaches a minimum, 
and then &ppears to rise again. 


It can be seen from figures 6 through 9 that the region of separated 
flow appears to have the general shape of a cone. The apex angle of the 
cone formed by the separated region varied as the spike length was 
increased. Within the range of probe lengths tested, the drag varied in 
the same manner ас the арех angle. Ву comparison of figures 6 to 8 with 
figure 13(b) it can be seen that: the drag coefficient decreased as this 
apex angle became narrower and, in turn, increased as the angle again 
widened. 


Тһе flow separation and the attendant drag reduction аге obviously 
consequences of shock-wave interaction with the boundary layer on the 
Spike. Тһе process has been described in part by Mair ав follows: At 
supersonic speeds the rise of pressure across the bow shock wave in 
front of а blunt body causes separation of the boundary layer on the 
spike. Тһе separated boundary layer spreads downstream forming ап арргох- 
imately conical region. The resulting distortion of the streamlines out- 
side the region produces & positive pressure gradient on the spike, and 
the vertex of the conical separated boundary layer moves upstream until 
& point of equilibrium is reached. Any further forward movement results 
in а decrease in cone angle which decreases the angle of the shock wave 
to the point where the pressure rise across the shock wave is insuffi- 
cient to maintain separation. 
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For the shorter spikes, separation oceurs at the tip (fig. 6). As 
the Spike length is increased, the separation point moves back to the 
shoulder and remains there through a range of lengths. Therefore; as 
the spike length ін increased, the vertex angle of the separated region 
decreases and, correspondingly, the drag decreases. (Figure 7 shows a 
typical example of separation at the shoulder of the spike.) This 
decrease continues until the separation point leaves the shoulder to 
move downstream along the spike (fig. 8(a)). ‘Then the vertex angle of 
the separated region increases and again, correspondingly, the drag 
increases. From the data and photographs obtained in this experiment, 
it сап be concluded that the minimum drag is obtained with the longest 
conical-tipped spike for which separation will occur at the shoulder. 


The curves of figure 13 may be misleading since the apparent upward 
trend of the drag is not expected to continue. It is believed that two 
flow-separation regions, laminar and turbulent, are represented and that 
the curve of drag coefficient as & function of spike length consists of 
two branches connected by а transition zone. The present data extend 
just through this transition zone and it is believed that the use of 
spikes with length to body-diameter ratio above 2 will not greatly 
increase the pressure drag of the configuration beyond the values shown. 
This belief is based on Mair's observations which indicate that when the 
boundary layer on the spike is turbulent, the position of the separation 
point and, thus, the flow about the hemisphere are relatively independ- 
ent of spike length. | 


The qualitative differences between the separation of laminar bound- 
ary layers and turbulent boundary layers can be seen in figures 8 and 9. 
In the latter case, the boundary layer was tripped by а ring of ¢carborun- 
dum dust at the shoulder of the spike and can be assumed turbulent. Іп 
figure 8(a), on the other hand, the short length of boundary-layer run 
leads one to expect that at least this photograph illustrates separation 
of a laminar boundary layer. Thus figures 8(Ъ) and 8(c) also probably 
illustrate laminar separation. Since these three photographs were taken 
within a few seconds of each other, it can be seen that the separation 
point was apparently oscillating along the length of thé spike. Whether 
this oscillation is inherent or is caused by bursts of turbulence in the 
free stream is not known. Oscillation has also been observed, however, 
by Mair (ref. 1) who attributes it to wind-tunnel disturbances. The 
separation point of the turbulent boundary layer of figure 9 exhibited 
no oscillation, again verifying observations by Mair. 


Other differences between laminar and turbulent separation are 
manifest in the shock-wave patterns of figures 8 and 9. In figures 8(a) 
to 8(c), a complicated shock system has been established. The pressure 
rise across the main bow shock wave has been transmitted upstream through 
the boundary layer, causing separation to occur on the spike. At the 
point of separation a weak conical shock wave is formed which has a 
pressure rise just sufficient to maintain separation. It is shown in 
reference 14 that the value of the critical pressure coefficient across 
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а shock wave which will separate a turbulent boundary layer оп a flat 
plate is approximately five to ten times as great as that required when 
the boundary layer is laminar. Thus it is to be expected that separation 
of а turbulent boundary layer will be accompanied by a much stronger 
conical shock wave than will separation of a laminar boundary layer. 

This hypothesis is substantiated by comparison of figures 8 and 9. 


Returning to figures 8(a), 8(b), and 8(c), it should be noted that 
there is a sharply defined light line at the edge of the separated region 
in each photograph extending a few spike diameters downstream of the 
separation point. This line indicates that the boundary layer probably 
remained laminar for this distance after separation. Farther downstream 
the line becomes indistinct as the boundary layer probably becomes tur- 
bulent. This transition appears to be accompanied by the formation of a 
secondary shock wave which is also oscillatory. In figure 8(a), the 
secondary shock wave is approximately conical. In figures 8(b) and 8(c), 
however, the shock waves are closer to the body and exhibit definite 
curvature. 


CONCLUSIONS 


Measurements were made on the nose of a hemisphere-cylinder with 
and without flow-separation spikes over a range of Mach numbers from 
0.12 to 5.04 and Reynolds numbers from 1.55 to 9.85x109. These measure- 
ments lead to the following conclusions: 


1. For an unspiked hemisphere, the heat transfer at-supersonic 
speeds can be predicted from data obtained at subsonic speeds by evalu- 
ating the air-stream properties behind the normal shock wave. 


2. Іп supersonic flow the addition of conical-tipped spikes to а 
hemispherical-nosed body with a laminar boundary layer approximately 
doubles the average heat-transfer rate, regardless of spike length. 


3. Almost the entire increase in the heat transfer due to the addi- 
tion of spikes occurs over the forward half of the surface area of the 
hemisphere. 


h. On the addition of spikes at Mach numbers of 1.75 and 2.67, the 
temperature-recovery factors decreased from 3 to 5 percent and from 5 to 
10 percent, respectively, depending on the Reynolds number. The longer 
the spike, the greater was the reduction obtained. 
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5. The addition of spikes reduced the pressure drag of the body 
approximately №5 percent Рог the best configuration. Тһе minimum drag 
was obtained with the longest spike on which separation occurred at the 
shoulder. 


Ames Aeronautical Laboratory, 
National Advisory Committee for Aeronautics, 
Moffett Field, Calif., July 13, 1954. 
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(a) From left to right: heat-transfer model with copper nose, segmented 
nose, and the pressure-distribution model. 
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(b) Thermocouple installation in heat transfer model and orifice distri- 
bution in pressure model. 


Figure 1.- General view of models tested. 
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Figure 2.~ Average heat transfer from hemispherical nose. 
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Figure 3.- Average temper&ture-recovery factor for hemispherical пове. 
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Figure 3.- Concluded. 
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Figure lh, - Average heat transfer from hemispherical nqse with and 
without spikes. 
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(c) Effect of Mach number at Rey, = 3.35x10>. 


Figure 4.- Concluded. 
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Figure 5.- Average heat transfer from half-area model. 
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Figure 6.- One-half inch spike; М = 2.67, Re, = 71.0905. 


1 
1 
| | 
r 
1 


{Сш s 45% , А-19243 


Figure (.- One and one-half inch spike; М = 2.67,- Вер. 7:09х102. 
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(b) Separation point 0.60 inch from tip. 


Figure 8.- Two-inch spike; M = 2.67, Rep = 7.09х107. 
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(с) Separ&tion point 1.06 inch from tip. 


Figure Ө.- Concluded. 
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Figure 9.- Two-inch spike with boundary-layer trip; М = 2.67, 
Rep = 7.094102. 
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Figure 10.- Blunt disk extending 3/4 inch in front of body; M = 2.67, 
| Вер = 2.90х10°, 


А-19096 
Figure 11.- Blunt cone (40° semiapex angle) extending 1/2 inch in front 


of body; M = 2.67, Вер = 2.90x10*. 
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Figure 12.- Typical pressure distribution about hemispherical nose of 
model. 
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Figure 13 
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"ШЕЕ ЕЕЕ ЕЕЕ КЕЕ ЕЕЕ ЕЕЕ ааа аа ааа ааа ааа; 
ӘГІІТТІТІТГЕТ ТИГТ ТҮГҮ ГЕТ Г Н Н-НЫН BE SERRE REE RRR ERA BER REA 


НУ-НС 

“ГІЕ-ІГІГІНТІТІЕТІТІІТТІІНІНІТІІТІТІТІНТІТІТІШІІТІШІІІІТТІТІНЕГІЕЕІЕІІСЕЕСІІНЕЕЕНЕНЕЕЕ ААА АНАДА” 

НИТИ НН ИНН Н Т ТТ ТИИТ ТН 

ЧУНЕО 

"ГИТТИН НН ВА А АРА Cr А ВАВА АРА АЕЊЋАОА АЦА ЕЕ 

ЕЕЕ ЕЕЕ аа ааа 

-ЕЕТІТІІТТІІТТІНГІТТІТІТТІТЕТТІТІТІТІШТТІТІНІТІТІТІНЕГІНІГІЕЕЕЕІ Т ЕЕЕ НКЕ КЕКЕК 

ЕШТЕНЕ Н Н Н Т Т Т Т КЕИ КГ КЕЕ КЕГЕН 

-ГЕТТІТТІТІТІТІТІТІТІТЕТТЕНТІТІТІТІІІТІТІІІІІЗЛІГГІЕІГІТТАВ ГЕКТИН АНА ТН 
гт НН Т НИН ИТ КЕКЕТЕ ЕНЕ АНАҒА 
“ЕГГЕТІТІГІТІТІІГІТІІГІТІТТІТІТГІНГІТІІН ЕГІНШІ ТІГІІІІІІЕІЕЕЕНГЕГЕН ААЕОВЕААААОАВЕОВЗАЯОЕАҒАЛАОСЕСЫДАННЫ- 
-ГГЕГГЕНІТІІІІГІНТТГІТІТТІІТТЕТІГІТІТТІГІТІЕІТІНІТІІТІЕНІІЕЕЕЕІІЕІГІЕГІГІЫЕЕЕ ГЕ ree eee eee 
=НГЕН 
изадижавинениввазван изнаихеизизекикосдас имовикссен ининин аяносизевкосвидовика А АЦА _______. 
MITTITTITCLITLLLILI LE LLLLLCLLLLLULLLLLLLULLLLELLL It iiil Ини ни вихзециеск 2-4 4-72 4-H-4-àH-H3-H42- H42-2-H-- -H-H--H-H-H- 
вотпиваккикекзвазина кизпамссихазпувиавъц виззаенааеседак LLL CCC икозвмкораскеки заив ANNNANNNERRENRA NENEN E 
TELE LEC LLL LLL LILLE LLL LLL LLL LLL TEE ЕЕСООНЯООЕОАВДЕЕАОЯООСОЕНЕАЕААДАСЫВДАДАДА-А- 
АУЧЫ IHCIHLI-H-2H-bi624---H-HI-HHH-2IHH--HHH-HHH-HH- 
А+ 
"ТТИПТИ НН Н кахземасконавидазийя визиккияа” --E-2-H-H-2H--74H-H44-2-H2---H-4-H-- 
-Н-ГГЕН-ЕГЕІТТЕІГЕІГЕТТТІТІТТІТІШТЕІІІІІІІІІТІНЕНІНІІТЕНІГІЕИИААСААНОТОАА“3ЗАЯАЫИЛЯЫҒЫҒУА АРА А ТИЛЕГИНЕН 
ЕЕЕЕГГЕСІГЕТІТТІНІІІІНІТІТІНІТІІГЕТІТІЗТЕЕІТІЕЕЕРГІІЕІІЕЕЕСЕТІНЕЕТІНЕНІІНГЕГЕІЗНІЕІАААДААЗ АҒАҒА ААА А-а 
-ЕЕГТГГГГЕНЕТТІТІТІТІТІТІНІНЕІТІНТЕЕІГЕНГІЕІІІІТТЕЕІІЕНІЕІІЕЕТІЕНІІЕГІЕЕГЕЕЕЕЕЕЕН EILEI--HHA-I-CHA HH HI-H-2HH-HHÁHS-CH-IÁCHH- 
-ЕЕЕГГІТТІГІТІТІТІТІПГІТІІІТІНІТГІТІНІГШІЛІІГІЛТІНЕІІІСЕ ЕЕЕ НІ ДСА eS 
УТЕНА НГЕН 
-ГГЕТІТІТІТТІЕТІТІТІТІІТІНІНІІЕНЕІТІНШІТІІГІІІІІЛІТІЕНІІНІІІНЕІЕЕІІІІІГІІГЕ ГЕНЕ АЛЕИЯСАОНЗАДАЛАНААДАНЫНН 
-ЕЕТГІЕІІТГІГІТІТІТІТІТІТГІНІІТТТІІІЕЕТІІШІІТІТІТІЕНІІІТІІЕЕІТЕЕЕІЕЕГІЕНЕЕНІЕЕІЗАСЫ eee eee ҒА АҒА Аа аа 
э-не ОВА АА ЕНЕГЕ ТКЕН НЕН 
-ГІГІНГТТІГІІІТІТІТІТІНТІНІТІТІТІІТІНІШІЕНІІІІІІЕІЛІІІІЕСЕГЕЕЕІЕЕЕІІЕІСІІ Т ГЕ КЕНЕНИН Т Н НЫ 
ТПТТТТЕИИТИТЕНЕТЕИТИННКНЕК LLL LLLLLLELL Н ttt are 
УУУУ РЕЗ ЕЕ ЕЛ ҒЫНАН ДАДА АА Ааа 
-ГГЕГТТТЕТГГЕТТТТТІТІЕТІГІНІІТІНІІІЕНІЕІГІНІІТІІНІТЕНГІІСІЕЕГІЕІІЕІІА ДАСЫ ТАҒЫ Ға ААА А ААА аа ааа а-ы 
-ЕЕЕТТЕГЕГЕТТГІТГІТІТІГІТІТТГІТТІТГІТГІ  ІТІТШІТІТІІІТІНІТІІІІІ ІНЕ У АВА ДАСЫ eee eee eee 
УУРЧ ЕОС ННН 
ƏӘГГІГГТТТТТІТІТІГТІТГІЕТІТГІІТІТЕТІТІТІТІІТІГІТІТТІГІТІНІІГЕІТІГІІНІТТІРІІІГЕП  ООЕИЕОЯОООЛАААЗЫНЫП АЛГАН АОЛОООПНААВВА- 
-ГГЕНГГЕНГГЕТТТІТІТТІТТІТІТІТІТІТІТІ ІІІЕГІІІЕІТНІІІІІЕЕІІІІҒЫІІҚЫ АТЫ ТАГЫ ааа аа аа ааа ааа ааа A 
FHHFHHHPPPETFHELEEELHLEUECUDTSUUCDTTTIPLRLELHETLÉLERELELELLLLLILELELELII-ETLELISETEULDCLLUCLELITHELFEH-HA-EH-ÁHH-EHH-H424-HH-LHH--H42-2H-H-H-H- 
-ЕЕІГІНТТІТГІТГІТІТТІНЕТІІТІТІНІЕНІТІТІНІІНГІЕІТІШІТІТЕЕЕІІІ ШІІГГӘДІЕЕНН ЗАРИНА пизовнизевизавикеаии инвкелинахссененняви 
-ГЕН-ГЕЕЕГЕНІТІГІІТТІТІТІРКІТІГІТТІТЕНЕІТЕПТІГІГЕІЛІНІЕІЕЕЕІ Еа Та ВАВ А ВАВА РАИ АНА А ааа аа AD NEN СЫ. 
-ГГЕТГІТІІІТІТТІГІІІІТІТЕІТГІІІІТІТІТІПІЕНІЛІГІІЛІТІТІНЕЕНІТІЕСЕРЕРІНІНЕЕЕЕЕІ ЕДЕНДЕ АДА АДАСЫНЫЗҢДАНД А ААА. 
ТТТ ҤНҤ Н Л ГГ ТЕЕ КТЕН Н N EREN 
УЕР eee ҒАРҒЫ ааа ааа 
ЕГЕННТГЕНТГЕНГТЕГІТІГІТІІІГІ ІІЕЕІТІГІІІТЕЕЕІІЕІТТІНІТІТІІІІЕРІЛЕЕГІНРЕТЕНЕЕЕЕ ЕЕЕ Т КЕЕН ТЕЕ ЕЕЕ а-а 
визвашивевкасекссвик озикаовимелимкаваками озевиззенсомино Н Т КЕЕ Г ИИ АРА ДАЈ 47 
ЕТТТ" ТТТ ТИНАТИН ДАДА ДАДА н ++ 
У-У-У ЕЕНСП 
RRC CLL LIL LICCL LILI LL LICL LIL LLL Lele ТЕ КК Г ЕЕЕ Н Т Н 444 
У-У-У 
УУ АНА eee cect cece CLL МАЕ ЕКЕ ЕЕ ЕН ТЕНЕ ЕТЕГЕН 
-ГІТІЕТТІГІТІЕГІЕЕТІІЕТІТІНТІТІТІЕІТІТІШТЕСТІТІІЕТЕТГТІТІТІПТЕСІІЕЕНЕЕГІЕЗЕЕСЕЕЕЕНЕІЕЕЕЕ ОАТ ААА ДАДА 
-ЕЕНГЕНГЕТТТГІГІГІЕНІТІНІТТІТІІТТІГІНІЛГЕРЕРМ У БАНА АДА АДА АЕ АВА КИ ЗЗООНЕВИ СВ ИИЗЕКККЕЗКЪЕКУ eee 
-ЕГГЕНГТЕГТТЕПТТІНГЕН ТТТ Т ТІГІ ІРІТІТТІЕІІТТЕШЕНЕЕЕІЕШІЕЕЕЕЕЕЕГІЕЕНЕЕЕЕЕ ЕЕ ЕЕАЕНЦАСАЗДА ВВ ЗВАДАДАЛТЫНҒАА ААА 
-ЕЕІГЕПГТТГЕТТГІЕНГІНҒІНЕНІТГІТІІТІНІІТІНІТІНГИТІГІІІТІНІІІІТІГІІІІІІІІЕ ІТ Т ТЕККЕ ЕЛЕНА Н 
ТТТ LLL CLL LLELLICLLEL LLL НН ЕЛНИ Т К ЫТЫ 
МАУ РЕКЕ совезвезен зазнезадос аикзижесасеоскизакке RANANNRNEENNNENNERENENRNERNEENNERENGNENDE 
ЕРГЕНЕЕНІГЕНІЕЕЕЕЕНЕГЕТЕЕІІІТІТІТІТТІРГЕГІТІТІТІЗГЕ ЕЕ ЕНЕІІЕТЕЗЕНГЕНЕГЕЕЕЕЕНЕЕІІДДЕЕДІДЕЕЕДА ТЕНГЕДЕН Н Т 
ТИИТ ИНЕ Н Н н Нн Т Т ТТК ГЕТЕ ГЕТЕ ЕЕН 
"+4640 
ТИТИ Н ИН н Т ГГ Т ТКН ЕН eee 
ТАИТГИТЕКАА ЕНЕ Н Н Н Н АРА АВА ТТК ТИГТ ТН ҒЫН, 
извдоввизасккискицие пиззуизилиу НЕЧЕСЕН: 
У-У 
"ТИТИ Н И Н НАВАРА Н НГ ГҮ ззнапише 
илзззивавицизецасекан Н ЛИ ЛИК Т КЕШЕГЕ EENE ТП 
"ТІІТІГІТІТІГІТТТІТІТІТЕІТІТІРІТІТГІНІТІІТІТГЕТТІЛТІТІГІЛТІІІІНЕЕНЕІІІЕНЕН ГЕ ЕЕ "FEFELLIT 
ИТИИ Н Н Н НҮ NEEE ГЕТТІІТІ 
УУУ ЕЕС -ГЕТТІГГІ 
ТШШН Н Н Н Н Н н Т ГК ENRENERE 
ПИН Н ВАВА ИГ PTTL 
“ЕТТТІТІТІТІТІТТІТІРЕТТІТІТІТТІГІТІРЕЕЕТТІТІТІІІІІЕЕЕТІШІІІІІСІІЕІІІІЕІІІНІНДІДІІІІІ тата 
-ГІТІТІТТІРГЕІТЕТТІЕІНІТІГІЕЕІТІТІТІНТІТІТІНГЕГІІІЕЕСІГЕГІІ ГИ “ГЕГІТІІІІ 
РЕР HHETELTITLLLEELLELCELLTLÉLETILLELLLLLTLLLLUC IC ANR ГЕТІТІГІ 
ЕСГ Унт ТИШЕТ 
ппнннр на пио ҸИНИ ННВ TTTITITILTILLITL LET LE изанивонсининкиоенке XEN ТИТ 
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Figure 13.- Concluded. 
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